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Abstract: This paper presents the results of an experimental study aimed at investigating the
effect of operative parameters on the efficiency of a soil flushing process, conducted on real
contaminated soil containing high amounts of Cu and Zn. Soil flushing tests were carried out with
Ethylenediamine-N,N′-disuccinic acid (EDDS) as a flushing agent due to its high biodegradability
and environmentally friendly characteristics. Process parameters such as Empty-Bed Contact Time
(EBCT) and EDDS solution molarity were varied from 21–33 h and from 0.36–3.6 mM, respectively.
Effects on the mobility of cations such as Fe and Mn were also investigated. Results showed that very
high performances can be obtained at [EDDS] = 3.6 mM and EBCT = 33 h. In these conditions, in fact,
the amount of removed Cu was 53%, and the amount of removed Zn was 46%. Metal distribution
at different depths from the top surface revealed that Cu has higher mobility than Zn. The process
results were strongly dependent on the exchange of metals due to the different stability constants of
the EDDS complexes. Finally, results from a comparative study showed that soil washing treatment
reached the same removal efficiency of the flushing process in a shorter time but required a larger
amount of the EDDS solution.
Keywords: metal mobility; soil flushing; soil reclamation; agricultural soil; EDDS deficiency
1. Introduction
Illegal disposal of industrial waste containing different pollutants, both organic and inorganic,
is responsible for severe agricultural soil pollution [1]. Although such contamination can be related to
the presence of so-called emerging pollutants, such as liquid-ionic pollutants or pesticides [2], in most
cases it is related to the presence of potentially toxic elements (PTEs) [3,4]. Among others, the presence
of Cu and Zn is quite common, because these metals have a wide application in numerous industrial
processes as well as in the production of many pesticides and herbicides [5]. The remediation of
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PTEs-contaminated soils can be carried out using different techniques. Among them, the soil washing
process proved to be one of the few permanent contaminated soil remediation treatments [6]. Therefore,
this process can achieve good remediation performances if the operative conditions are carefully
selected and optimized [7–9]. However, in the case of soil washing treatment, the excavation of the
contaminated soil is required, and this operation is time-consuming and expensive. This step is then
followed by an in-site or on-site treatment by mixing the solid phase with a washing solution able to
solubilize the pollutants in the liquid phase. The two phases are successively separated. The remediated
soil can be returned to its original place [10] or used for different purposes. The contaminated
washing solution, on the other hand, must be appropriately treated [8,11,12] before its final disposal.
Unfortunately, this process cannot be applied if the contamination is extended to large or deep areas,
because of the excessive costs related to the soil excavation. In these cases, an interesting alternative to
soil washing is soil flushing [13,14]. Soil flushing consists of the direct injection in the soil of a leaching
solution, avoiding the necessity of contaminated soil excavation.
Several chemical reagents have been positively tested in the past as leaching solutions for soil
remediation in the flushing process (i.e., HCl, EDTA, CaCl2) [15,16]. However, part of the flushing
solution can be retained in the soil and/or leaches into the groundwater, representing a further
source of environmental contamination. Therefore the use of a biodegradable agent, such as
Ethylenediamine-N,N′-disuccinic acid (EDDS) [17,18], may be more advisable in order to decrease
the potential risk of negative effects on the environmental quality. While the application of EDDS as
a washing agent has been widely studied in several scientific research papers [9,19,20], its use as flushing
agent has been tested in limited cases [21,22], and thus requires further investigation in more detail.
The present paper aims to provide a deeper understanding of the applicability of EDDS-enhanced
flushing for the remediation of Cu- and Zn-contaminated agricultural soil. The study was conducted at
the lab scale to keep all process parameters under control, as well as to analyze the removal efficiency
and the extraction kinetic trend. Metals distribution at different depths was also investigated to
understand the mechanisms of metal desorption and adsorption during transportation, according to
their initial distribution in the different contaminated soil fractions. Moreover, the release of PTEs in the
leachate after the soil flushing treatment was evaluated. Finally, results from EDDS-enhanced washing
tests conducted at the lab scale on the same soil were reported in order to compare the pollutants
removal efficiency and the treatment environmental suitability of the two processes (i.e., soil flushing
and soil washing). All of these aspects have been rarely considered in a single experimental work,
thus reflecting the novelty of this study.
2. Materials and Methods
2.1. Reagents and Analytical Standards
Hydroxylammonium chloride (reagent grade >98% w/w), ammonium acetate (>99% w/w),
(S,S)-ethylenediamine-N,N′-disuccinic acid-trisodium salt solution (35% v/v), hydrogen peroxide
solution (30% v/v), acetic acid (ACS reagent >97% v/v), and nitric acid (ACS reagent >67% v/v)
from Sigma-Aldrich (Saint Louis, MI, USA) were used as reagents. Only ultra-pure water was used
for analytical preparations and dilution. Atomic Absorption Spectrometer (AAS) standards were
employed for Cd, Cr, Cu, Fe, Pb, Zn (Carlo Erba, Reagenti), Mn, and Ni (Fluka Reagents).
2.2. Soil Characterization
The investigated soil was sampled from a land used in the past for agriculture and located in
the Litorale Domizio Flegreo and Agro Aversano (Campania Region, Italy) (Figure 1). In particular,
this land includes an area of 1076 km2 (57 municipalities) and has been affected by the illegal disposal
of hazardous wastes [23,24]. The soil was sampled manually from the top 20 cm of the soil over an
area of about 1 m2, homogenized, and then stored in hermetic containers. Immediately after collection,
the samples were dried at 40 ◦C in an oven (Argolab, TCN115) and then kept at room temperature.
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centrifugation at 4600 rpm for 20 min using an IEC CENTRA GP8R centrifuge (Needham Heights, 
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The particle size distribution analysis was performed according to American Society for Testing
and Materials (ASTM) method D 422-63 [25]. Only the fraction of soil that was smaller than 2 mm,
which was assumed to be the most contaminated [26], was used in all of the tests and analytical
determinations. The pH of the soil was evaluated according to the method of Violante ed Adamo [27].
Organic matter was determined through the loss on ignition (LOI) index [28]. Total PTEs concentration
was measured in the liquid phase from soil acid mineralization procedure [29]. Before the analysis,
the solid and liquid phases from the acid mineralization were separated through centrifugation at
4600 rpm for 20 min using an IEC CENTRA GP8R centrifuge (Needham Heights, MA, USA). Then,
the resulting liquid phase was analyzed by atomic adsorption spectrometry using a Varian spectrometer,
Model 55 B SpectrAA (F-AAS) (Varian Australia Pty Ltd., Victoria, Australia) equipped with a flame
(acetylene/air) and a deuterium background correction. The limit of detection (LOD) values for each
of the analyzed elements were 5 × 10−2 mg·L−1 for Cd and Zn, 0.5 mg·L−1 for Cr, 0.2 mg·L−1 for
Cu, 0.25 mg·L−1 for Fe, 0.1 mg·L−1 for Mn, 0.3 mg·L−1 for Ni, and 1 mg·L−1 for Pb. A sequential
extraction procedure proposed by the Community Bureau of Reference (BCR) [30,31] was performed
on the contaminated soil samples to determine the metal partition among different soil fractions.
This procedure was based on an initial extraction in 40 mL of acetic acid (0.11 M) (step 1—exchangeable
and weak acid soluble fraction). Afterward, a volume of 40 mL of hydroxylammonium chloride
solution (0.5 M) was added to the residual soil from “step 1” and acidified by the addition of a 2 M
HNO3 solution (step 2—reducible fraction). Successively, 20 mL of hydrogen peroxide (8.8 M) and
50 mL of ammonium acetate (1 M) were used for oxidizing the soil (step 3—oxidizable fraction).
The last step consisted in a soil acid mineralization (step 4—residual fraction).
2.3. Soil Flushing Lab Scale Tests
Soil flushing tests were performed following the indication of Hauser et al. [21]. In particular,
the columns were prepared using two polypropylene “falcon” test tubes characterized by a diameter
and length of 30 and 80 mm, respectively. Tests were ca ried out by filling each tube with 40 g of the
investigat soil. Soil was packed in the columns until no reduction of volume was observed, according to
Pontoni et al. [32]. Subsequently, a total bed volume ( v) of 50 L was btained in each tub .
During the first series of tests, two EDDS solution molarities ([EDDS]) were tested (0.36 and
3.6 mM). The flushing solution was leached through the columns using IVEK rotary pumps (IVEK
Corporation, North Springfield, Vermont) at three different percolation vel cities (1.7, 2.1, and
2.7 mL·h−1), which co responded to three Empty-Bed Co tact Times (EBCTs), i.e., 33, 7, and 21 h.
The total treatment lasted 20 days. The solution collected at the bottom of the column was sampled at
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different times of the test and analyzed to measure the concentration of the following metals: Cu, Zn,
Fe and Mn.
In order to evaluate metals mobility in the soil column, other tests were performed for selected
experimental conditions ([EDDS] = 3.6 mM and EBCT = 33 h). After the flushing process, the soil
column was divided into four sections, and the metal concentration was measured in each of them
(Soil Flushing Test 1, SF1). Furthermore, sequential extraction was carried out on the soil contained in
each layer to evaluate the changes of PTEs fractionation after the treatment. A comparative test using
only pure water as a flushing agent was also performed. A second series of tests (Soil Flushing Test
2, SF2) was performed to evaluate metal transportation along the columns. For this purpose, before
the flushing process, the columns were divided into four layers, each of them containing 10 g of the
contaminated soil. The flushing solution was sampled at the bottom of each layer and analyzed for
PTEs and main cations concentration. Flushing operative conditions were the same as also adopted
for the previous test. Finally, a third series of tests (Soil Flushing Test 3, SF3) was conducted to
study the release of PTEs in the leachate after the soil flushing treatment (i.e., release due to the rain
phenomenon). In this case, only 4 bv of the EDDS solution was injected through the columns at the
beginning of the test, and then only pure water was added as a flushing agent. The flushing solutions
were collected at the bottom of the columns and analyzed for PTEs evaluation. Also in this case,
flushing operative conditions set for SF1 and SF2 were adopted.
2.4. Soil Washing Lab Scale Tests
Comparative soil washing tests were conducted on the same soil, at the lab scale, in 50-mL plastic
reactors. Two different values of the liquid to solid ratio (LSR) were chosen, namely 5:1 and 10:1 (v/w).
Soil washing parameters were optimized on the basis of the results of previous studies [24,33] conducted
on the same soil. In particular, an extracting solution of [EDDS] = 0.36 mM was adopted to study the
process efficiency in EDDS deficiency conditions, whereas an extracting solution of [EDDS] = 3.6 mM
was used to achieve the best process performance. Two reaction times (i.e., 48 and 96 h) were selected
since a previous work [33] proved these times to be efficient for achieving the PTEs equilibrium
conditions. All tests were conducted in triplicate to reduce experimental errors. The metal concentration
in the exhausted solution was measured by atomic adsorption spectrometry following the procedure
described in Section 2.2. One-way and two-way analysis of variance (ANOVA) were used to analyze the
statistical differences among treatments. Comparisons were made with the post-hoc Tukey’s Honestly
Significant Difference HSD test. Statistical significance was assumed at p < 0.05. Statistical analyses
were conducted in Microsoft® Excel 2013/XLSTAT©-Pro (Version 7.2, 2003, Addinsoft, Inc., Brooklyn,
NY, USA) and GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA).
3. Results and Discussion
3.1. Soil Characterization
The initial pH of the soil was close to neutral value (7.21) and the LOI index was 7.01%. The study
of the particle size distribution resulted in classifying the soil as a loam, confirming its suitability for
plant growth and agricultural activities. Among all of the measured PTEs, only Cu and Zn exceeded
the threshold values (TVs) established by the European Regulation (Table 1) [34].
Table 1. Soil characterization.
PTEs Cd Cr Cu Fe Mn Ni Pb Zn
Soil (mg·kg−1) 0.13 ± 0.01 23.0 ± 1.2 296 ± 10 19842 ± 1230 913.9 ± 31.1 11.9 ± 2.1 21.9 ± 0.2 277 ± 3.0
Threshold values
(mg·kg−1) [34] 1 100 100 - - 50 60 200
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The PTEs reported in Table 1 are very common soil pollutants as they can be found in some
pesticides and fertilizers [35]. High concentrations of Cu and Zn can represent a serious risk for human
health since both metals could become toxic [36], making soil treatment necessary. Results of the
sequential extraction showed that the percentage of Cu and Zn in the bioavailable fraction (sum of the
first three fractions) was 81% and 70%, respectively (Figure 5). These values further confirmed the risk
of Cu and Zn migration from the soil to agricultural products.
3.2. Optimization of the Soil Flushing Process
Figures 2 and 3 report the results of Cu, Fe, Mn, and Zn removal efficiency obtained during the
flushing tests. Results from Figure 2 displayed that the EBCT influenced the flushing process only at
high EDDS concentrations, resulting in a different removal efficiency. These differences were accentuated
mainly for the lower values of bv (Figure 2). Actually, the slopes of the curves related to Cu and Zn
removal were equal when the bv was higher than 2. On the contrary, no effects on the removal efficiency
at different treatment times were found for tests characterized by significantly high EDDS concentrations
(Figure 3). In this case, in fact, it was possible to achieve significant PTEs removal efficiency for all of
the investigated treatment times. At a high EDDS concentration (3.6 mM), Cu and Zn extraction rates
were characterized by a fast kinetic only in the first period of the treatment, whereas in the remaining
time the kinetics were significantly slower. This observed effect was likely due to the following two
phenomena: (i) an immediate extraction of the two metals from the carbonate fraction where they are
in the di-valent form, i.e., Cu2+ and Zn2+; (ii) a subsequent oxidation of the metals from the mono- and
zero- to the di-valent form, as a consequence of the humic acid reduction [33,37]. Actually, metals in
zero-valent form cannot be complexed as Me-EDDS [33]. On the contrary, the extraction rates of Fe
and Mn increased during the overall treatment time. In detail, a lower removal was observed at the
beginning of the flushing treatment followed by a gradual increase at the end of the process. Such
a result was attributed to the higher affinity of EDDS for Cu and Zn compared to Fe and Mn, which
mainly affected the removal efficiencies at the beginning of the flushing treatment. Subsequently,
the effect of the high concentration of EDDS prevailed on the previous factors, resulting in a relevant
Fe and Mn removal efficiency. Moreover, the pattern was also related to the occurrence of different
metals mobilization depending on the redox potential conditions of the soil. In fact, it is generally
reported that Cu and Zn have a higher mobility rate under oxidizing conditions while Fe and Mn
are characterized by higher mobility at lower values of soil oxidizing potential [38]. During the tests,
after the first few days the soil in the column became water-saturated. This caused a reduction of the
oxidizing potential and the conversion of Fe and Mn to their more leachable reduced forms [39].
During tests conducted with [EDDS] = 0.36 mM solution at different EBCTs, the extraction process
was not influenced by the different values of bv. Results in Figure 2, in fact, show an overlap of the
extraction curves.
This result was due to the occurrence of a total EDDS complexation with metals, as a consequence
of the low concentration of EDDS in the solution. Hence, the EDDS concentration represented a limiting
factor of the treatment velocity. As the EDDS was fully complexed, the metal exchange mechanisms
acquired a higher importance in the process. Indeed, in all tests with lower EDDS concentration (i.e.,
[EDDS] = 0.36 mM), Cu was the only metal with an excellent initial extraction rate. Results showed
that for bv values up to 4 the amount of leached Cu was 77 mg·kg−1, corresponding to approximately
49 ± 5 µmol (Figure 2). This value was higher than 70% of the corresponding EDDS moles injected
(72 µmol). Such a result could be ascribable to the adsorption of a small amount of EDDS onto the soil
and the formation of Cu-EDDS complexes with the remaining EDDS [40]. Then, Zn-EDDS complexes
started to form only for bv values higher than 4, as a result of the different values of the stability
constant (Kst) of the two PTEs-EDDS. In fact, the Kst of Cu-EDDS is higher than that of Zn-EDDS [41].
For fixed values of treatment time, the EBCT affected the extraction rate of metals since lower EBCT
values corresponded to a higher amount of the injected EDDS solution, and resulted in higher metal
extraction rates (Figure 3). As the EDDS was totally complexed by Cu and Zn, the cations Fe and Mn
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could not form complexes with the flushing agent, and therefore could not be extracted. The pH and
the LOI index of the soil were evaluated at the end of the tests. The soil pH displayed a value equal
to 7.05 ± 0.2, assessing for the investigated soil buffering capacity in minimizing pH changes [42].
Likewise, the LOI value was observed at the end of the test confirming no soil characteristic alteration
due to the EDDS involvement.
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Figure 2. Breakthrough curves at different Empty-Bed Contact Times (EBCTs) with respect to bed
volume. [EDDS] = 3.6 mM:
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Figure 3. Breakthrough curves at differ nt EBCTs with respect o treatment time. [ED S] = 3.6 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [ED S] = 0.36 mM: ) EBCT = 33 h; ) EBCT =
27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
During test  conducted with [ED S] = 0.36 mM solution at different EBCTs, the extraction 
process was not influenced by the different values of bv. Results in Figure 2, in fact, show an overlap 
of the xtraction curves.  
This result was due to the occurrence of a total ED S complexation with metals, as a 
consequence of the low concentration of ED S in the solution. Hence, the ED S concentration 
represented a limit ng factor of the treatment velocity. As the ED S was fully complexed, the metal 
exchange mechanisms acquired a higher importance in the process. Indeed, in all test  with lower 
ED S concentration (i.e , [ED S] = 0.36 mM), Cu was the only metal with an excellent init al 
extraction rate. Results howed that for bv alues up to 4 the amount of leached Cu was 7  mg·kg−1, 
corresponding to ap roximately 49 ± 5 µmol (Figure 2). This value was higher than 70% of the 
corresponding ED S moles injected (72 µmol). Such a result could be ascribable to the adsorption of 
a small amount of ED S onto the soil and the formation of Cu-ED S complexes with the remaining 
ED S [40]. Then, Zn-ED S complexes tarted to form only for bv alues higher than 4, as a result of 
the different values of the stabil ty constant (Kst) of the two PTEs-ED S. In fact, the Kst of Cu-ED S 
is higher than that of Zn-ED S [41]. For fixed values of treatment time, the EBCT affected the 
extraction rate of metals ince lower EBCT values corresponded to a higher amount of the injected 
ED S solution, and resulted in higher metal extraction rates (Figure 3). As the ED S was totally 
complexed by Cu and Zn, the cations Fe and Mn could not form complexes with the flushing agent, 
and therefore could not be xtracted. The pH and the LOI index of the soil were valuated at he nd 
of the test . The soil pH displayed a value equal to 7.05 ± 0.2, assessing for the investigated soil 
buffering capacity in minimizing pH changes [42]. Likewise, the LOI value was observed at he nd 
of the test confirming no soil characteristic alteration due to the ED S involvement. 
3. . Soil Washing Process and Comparison of the Removal Effic encies 
The results obtained from the soil washing test , with constant LSR and different ED S 
concentrations, showed different removal trends for Cu and Zn (Figure 4). In all test , a substantial 
0
50
100
150
200
0 100 200 300 400 500
C
u
 R
e
m
o
va
l [
m
g·
kg
-1
]
treatment time [h]
0
50
100
150
200
0 100 200 300 400 500
Zn
 R
e
m
o
va
l [
m
g·
kg
-1
]
treatment time [h]
0
200
400
600
800
100
0 100 200 300 400 500
M
n
 R
e
m
o
va
l [
m
g·
kg
-1
]
treatment time [h]
0
200
400
600
800
100
0 100 200 300 400 500
Fe
 R
e
m
o
va
l [
m
g·
kg
-1
]
treatment time [h]
EBCT = 27 h;
Int. J. Environ. Res. Public Health 2018, 5, x  6 of 13 
 
Figure 2. Breakthrough curves at differ nt Empty-Bed Contact Times (EBCTs) with resp ct to bed 
volume. [ED S] = 3.6 mM: ) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [ED S] = 0.36 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
  
(a) (b) 
  
(c) (d) 
Figure 3. Breakthrough curves at differ nt EBCTs with resp ct to treatment time. [ED S] = 3.6 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [ED S] = 0.36 mM: ) EBCT = 33 h; ) EBCT = 
27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
During tes  conducted with [ED S] = 0.36 mM solution at different EBCTs, the extraction 
process was not influenced by the different values of bv. Results in Figure 2, in fact, show an overlap 
of the xtraction curves.  
This result was due to the occurrence of a total ED S complexation with metals, as a 
consequence of the low conce tra ion of ED S in the solution. Hence, the ED S conce tra ion 
represent d a limiting factor f the tr atment velocity. As the ED S was fully complexed, the metal 
exchange mechanism  acquired a hig er importance in the process. Indeed, in all tes  with lower 
ED S conce tra ion (i.e., [ED S] = 0.36 mM), Cu was the only metal with an exc llent initial 
extraction rate. Results howed tha  for bv alues up to 4 the amount of leached Cu was 7  mg·k −1, 
correspondi g to ap roximately 49 ± 5 µmol (Figure 2). This value was hig er than 70% of the 
correspondi g ED S moles inject d (72 µmol). Such a result could be ascribable to the adsorption f 
a small mount of ED S ont  the soil and the formation f Cu-ED S complexes with t e remaining 
ED S [40]. Then, Zn-ED S complexes tar ed to form only for bv alues hig er than 4, as  result of 
the different values of the stability constan  (Kst) of the two PTEs- D S. In fact, the Kst of Cu-ED S 
is hig er than tha  of Zn-ED S [41]. For fixed values of treatment time, the EBCT affect d the 
extraction rate of metals ince lower EBCT values corresponded to a hig er amount of the inject d 
ED S solution, and resulted in hig er metal extraction rates (Figure 3). As the ED S was totally 
complexed by Cu and Zn, the cations Fe and Mn could not f rm complexes with t e flushing a ent, 
and therefore could not be xtracted. The pH and the LOI index of the soil were valu ted at the nd 
of the t s . The soil pH displayed a v lue equal to 7.05 ± 0.2, asse ing for the investigated soil 
buffering capacity in minimizing pH changes [42]. Likewise, the LOI value was observ d at the nd 
of the tes  confirming o s il characteristic alteration due to the ED S invol em nt. 
3. . Soil Washing Process and Comparison f the R moval Efficiencies 
The r sults obtained from the soil washing tes , with constan  LSR and ifferent ED S 
conce tra ions, showed different removal trends for Cu and Zn (Figure 4). In all tes , a substan ial 
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Figure 3. Breakthrough curves at different EBCTs with resp ct to treatm n  time. [ED S] = 3.6 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [ED S] = 0.36 mM: ) EBCT = 33 h; ) EBCT = 
27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe.
During tes s conducted with [ED S] = 0.36 mM soluti n at different EBCTs, the extraction 
process wa not i fluenced by the different values of bv. Results in Figure 2, in fact, show an overlap 
of the extraction curves.  
This re ult was due to the occurrence of a total ED S complexation with metals, s a 
consequence of the low conce tra ion of ED S in the soluti n. Hence, th  ED S conce tra ion 
represent d a limiting factor f the tr atment velocity. As the ED S was fully complexed, the metal 
exchange mechanism  acquired a hig er importance i  the process. Indeed, in all tes s with lower 
ED S conce tra ion (i.e., [ED S] = 0.36 mM), Cu was the only metal with an exc llent ini ial 
extraction rate. Results showed tha for bv alues p to 4 he amount of leach d Cu was 77 mg·k −1, 
correspondi g to ap roximately 49 ± 5 µmol (Figure 2). This value was hig er than 70% of the 
correspondi g ED S moles inject d (72 µmol). Such a result could be ascribable to the adsorption f 
a sm ll mount of ED S ont  the soil and the formation f Cu-ED S complexes with t e remaining 
ED S [40]. Then, Zn-ED S complexes star ed to form nly for bv alues hig er t an 4, as result of 
the different values of the s ability consta  (Ks ) of he two PTEs- D S. In fact, the Kst of Cu-ED S 
is hig er than tha  of Zn-ED S [41]. For fixed values of treatment time, th  EBCT affect d the 
extraction rate of metals since lower EBCT values corresponded to a hig er amount of the inj ct d 
ED S soluti n, and result d in hig er m tal xtraction rates (Figure 3). As the ED S was totally 
complexed by Cu and Z , the cations Fe and Mn could not f rm co plexes with t e flushing a ent, 
and therefore c uld not be extracted. The pH and the LOI index of the soil were evalu ted at the end
of the t s s. The soil pH displayed a v lue equal to 7.05 ± 0.2, asse ing for the investigated soil
buffering capa ity in m i z ng pH changes [42]. Likewis , th  LOI value was observ d at the end
of the tes  confirming o s il characteris ic alter tion due to the ED S invol em nt. 
3.3. Soil Washing Process and Comparison f the R moval Efficiencies 
The r sults obtained from the soil washing tes s, with consta  LSR and ifferent ED S 
conce tra ions, showed different moval trends for Cu and Z  (Figure 4). In all tes s, a substan ial 
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Figure 3. Breakthroug  c rves at different EBCTs with respect to treatment ti . [EDDS] = 3.6 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [EDDS] = 0.36 mM: ) EBCT = 33 h; ) EBCT = 
27 h; ) EBCT = 21 h - (a) Cu; b  Zn; c) M ; (d) Fe. 
During tests condu ted wi h [ED S] = 0.36 mM solution at differ nt EBCTs, the x raction 
process was not influe ced by the diff r nt values of bv. Results in Figure 2, in fact, show an verlap 
of the extraction curves.  
This result was due to the ccurren e of a t l ED S complexation w th me als, as a 
consequence of the low c nce tratio  of ED S in the solution. Hence, the ED S conce tratio  
repres nt d a limiting factor of the treatm n  v locity. As he ED S was fully complex d, the me al 
exchange mechanisms acquired a hig er importance i  th  proc ss. Indee , in all tests wi h lower 
ED S conce tratio  ( .e., [ED S] = 0.36 mM), Cu was the only metal with an excellent i tial 
extraction ra e. Results howed that for bv alues p to 4 the amount f leached Cu was 77 mg·kg−1, 
corresp ndi g to appr ximately 49 ± 5 µmol (Figure 2). This value was hig er t an 70% of the 
corresp ndi g ED S moles inj cted (72 µmol). Such a result co ld be ascriba le to the adsorpti n of 
a small a ount f ED S onto the s il and the formati n of Cu-ED S complex s with the remain g 
ED S [40]. Then, Z -ED S complex s started o f rm only for bv alues hig er than 4, s a re ult of 
the diff r nt values of the stabili y constant (Kst) of the two PTEs-ED S. In fact, the Kst of Cu-ED S 
is hig er t an t t of Zn-ED S [41]. For fixed values of treatm n  time, the EBCT affected the 
extraction ra e of m tals since lower EBCT values corr p nde  to a hig er amount f the injected 
ED S solution, a d result d in hig er m tal extr ction ra es (Figure 3). As the ED S was to ally 
complex d by Cu and Z , the cations Fe a d M  could n t form co plex s with the flus ing age t, 
and ther fore c uld n t be ex ract d. Th  pH and the LOI index of the soil wer  evaluated  the end 
of the tes s. The soil pH displayed a value qual to 7.05 ± .2, asse sing for the inv stigat d soil 
buffering cap city in min iz g pH changes [42]. Likew se, the LOI value w s observed at the end 
of the t s  confirmi g no soil char cte ist  alteration due to th  ED S involvement. 
3.3. Soil Washing Process and Comparison of the Removal Efficienc es 
The results ob ained from the soil washing tests, with constant LSR and iffer nt ED S 
conce tratio s, howed iff r nt r moval trends for Cu and Z  (Figure 4). In all tests, a substantial 
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Figure 3. Breakthrough c rves at diff rent EBCTs with re p ct o trea ment i . [ED S] = 3.6 mM:
) EBCT = 3  h; ) EBCT = 27 h; ) EBCT = 21 h; [ED S] = 0.36 mM: ) EBCT = 3  h; ) EBCT = 
27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c Mn; (d) Fe.
During tests condu ted with [ED S] = 0.36 mM soluti n at different EBCTs, the ex raction 
proces  was not i flue c d by th  diff rent valu s of bv. Results in Figure 2, in fact, show an verl p 
of the extraction curves.  
This result wa  due to h oc urren  of a t t l ED S complexation w h me als, s  
consequ nc  of the l w c n e tratio  f ED S in the soluti n. Henc , th  ED S con e tratio  
rep sent d a limit ng factor o  the tr a ment v locity. As he ED S was fully complexed, th  m tal
exchange mechanisms cquired a h g er importance i  th  proc s . Ind , i  all tests wi h lo er
ED S con e tratio  (i.e., [ED S] = 0.36 mM), Cu was the only meta  wi h an exc llent i it al 
extraction e. Results showed t a  for bv values up to 4 the amount of leach d Cu was 7  mg·k −1, 
corresp ndi g to ap roximately 49 ± 5 µmol (Figure 2). This value was hig er t an 70% of the 
corresp ndi g ED S moles inj ct d (72 µmol). Such a result could be ascri able to th adsorpti n f 
a sm ll ount f ED S ont  the s il and the formati n f Cu-ED S complexes with the remaining 
ED S [40]. Then, Zn-ED S complexes tarted o form nly for bv values hig er t an 4, as  result of 
the diff rent valu s of the tabil ty constan  (K ) of the two PTEs- D S. In fact, the Ks  of Cu-ED S 
is hig er than tha  of Zn-ED S [41]. For fixed valu s of tr atm nt ti , h  EBCT affected the 
extraction te f m tals since lower EBCT values corresp nded t  a hig er amount of the injected 
ED S soluti n, and result d in hig er m tal extr ction tes (Figure 3). As the ED S was totally 
complexed by Cu and Z , the cations Fe and Mn could t f rm co plexes with the flus ing a e t, 
and therefore c uld n t be ex racted. Th  pH and the LOI index of the soil w re valu ted t h  end 
of the tests. Th  soil pH d splayed a v lue equal to 7.05 ± .2, as essing for the investigat d soil 
buffering capa ity n m iz g pH changes [42]. Likewis , the LOI value was observ d at h end 
of the tes confirm g o soil characte istic alter tion due to th ED S invol em nt. 
3.3. Soil Washing Process and Comparison of the Removal Efficiencies 
The r sults obtained from the soil wa h ng tests, with cons an  LSR and different ED S 
con e tratio s, showed diff rent moval trends for Cu and Z (Figure 4). In all tests, a sub tan ial 
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Figure 3. Breakthrough curves at different EBCTs with respect to treatment time. [EDDS] = 3.6 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [EDDS] = 0.36 mM: ) EBCT = 33 h; ) EBCT = 
27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
During tests conducted with [EDDS] = 0.36 mM solution at different EBCTs, the extraction 
process was not influ nced by the different values of bv. Re ults in Figure 2, in fact, show an overlap 
of the extraction curves.  
This result was due to the occurr nce of a total EDDS complexation with metal , s a 
cons qu nce of the low oncentrati n of EDDS in the solution. H nce, the EDDS oncentration 
represented a limiting factor of the treatment velocity. As the EDDS was fully complexed, th  metal 
exchang  mechanisms acquired a higher importance in the process. In eed, in all tests with lower 
EDDS oncentration (i.e., [EDDS] = 0.36 mM), Cu was the only metal with an excelle t initial 
extraction rat . Re ults showed that for bv val es up to 4 the amount of leached Cu was 77 mg·kg−1, 
corresponding to approximately 49 ± 5 µmol (Figure 2). This value was higher than 70% of the 
corresponding EDDS moles injected (72 µmol). Such a result could be ascribable to the adsorption of 
a small amount of EDDS onto the soil and the formation of Cu-EDDS complexes with the remaining 
EDDS [40]. The , Zn-EDDS complexes started to form only for bv values higher than 4, as a result of 
the different values of the stability co stant (Kst) of the two PTEs-EDDS. In fact, the Kst of Cu-EDDS 
is higher than that of Zn-EDDS [41]. For fixed values of treatment time, the EBCT affected the 
extraction rate of metals since lower EBCT values corresponded to a higher amount of the injected 
EDDS solutio , and resulted in higher metal extraction rates (Figure 3). As the EDDS was totally 
complexed by Cu and Zn, the cations Fe and Mn could not form complexes with the flushing agent, 
and the fore could not be extracted. The pH and the LOI index of the soil were evaluated at the end 
of the tests. The soil pH displayed a value equal to 7.05 ± 0.2, assessing for the investigated soil 
buffering capacity in minimizing pH changes [42]. Likewise, the LOI value was observed at the end 
of the test confirming no soil characteristic alteration due to the EDDS involvement. 
3.3. Soil Washing Process and Comparison of the Removal Effi i ncies 
The re ults obtained from the soil washing tests, with co stant LSR and different EDDS 
oncentrations, showed different removal trends for Cu and Zn (Figure 4). In all test , a ubst ntial 
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Figure 3. Breakthrough curves at different EBCTs with respect to treatment time. [EDDS] = 3.6 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [EDDS] = 0.36 mM: ) EBCT = 33 h; ) EBCT = 
27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
During tests conducted with [EDDS] = 0.36 M solution at different EBCTs, the extraction 
process was not influenced by the different values of bv. Results in Figure 2, in fact, show an overlap 
of the extraction curves.  
This result was due to the occurrence of a total EDDS complexation with metals, as a 
consequence of the low concentration of EDDS in the solution. Hence, the EDDS concentration 
represented a limiting factor of the treatment velocity. As the EDDS was fully complexed, the metal 
exchange mechanisms acquired a higher importance in the process. Indeed, in all tests with lower 
EDDS concentration (i.e., [EDDS] = 0.36 mM), Cu was the only metal with an excellent initial 
extraction rate. Results showed that for bv values up to 4 the amount of leached Cu was 77 mg·kg−1, 
corresponding to approximately 49 ± 5 µmol (Figure 2). This value was higher than 70% of the 
corresponding EDDS moles injected (72 µmol). Such a result could be ascribable to the adsorption of 
a small amount of EDDS onto the soil and the formation of Cu-EDDS complexes with the remaining 
EDDS [40]. Then, Zn-EDDS complexes started to form only for bv values higher than 4, as a result of 
the different values of the stability constant (Kst) of the two PTEs-EDDS. In fact, the Kst of Cu-EDDS 
is higher than that of Zn-EDDS [41]. For fixed values of treatment time, the EBCT affected the 
extraction rate of metals since lower EBCT values corresponded to a higher amount of the injected 
EDDS solution, and resulted in higher metal extraction rates (Figure 3). As the EDDS was totally 
complexed by Cu and Zn, the cations Fe and Mn could not form complexes with the flushing agent, 
and therefore could not be extracted. The pH and the LOI index of the soil were evaluated at the end 
of the tests. The soil pH displayed a value equal to 7.05 ± 0.2, assessing for the investigated soil 
buffering capacity in minimizing pH changes [42]. Likewise, the LOI value was observed at the end 
of the test confirming no soil characteristic alteration due to the EDDS involvement. 
3.3. Soil Washing Process and Comparison of the Removal Efficiencies 
The results obtained from the soil washing tests, with constant LSR and different EDDS 
concentrations, showed different removal trends for Cu and Zn (Figure 4). In all tests, a substantial 
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During tests conducted with [EDDS] = 0.36 mM solution at dif erent EBCTs, the extraction 
proces  was not influenced by the dif erent values of bv. Results in Figure 2, in fact, show an overlap 
of the extraction curves.  
This result was due to the oc ur ence of a total EDDS complexation with metals, as a 
consequence of the low concentration of EDDS in the solution. Hence, the EDDS concentration 
represented a limiting factor of the treatment velocity. As the EDDS was ful y complexed, the metal 
exchange mechanisms acquired a higher importance in the proces . Inde d, in al  tests with lower 
EDDS concentration (i.e., [EDDS] = 0.36 mM), Cu was the only metal with an excel ent initial 
extraction rate. Results showed that for bv values up to 4 the amount of leached Cu was 7  mg·kg−1, 
cor esponding to approximately 49 ± 5 µmol (Figure 2). This value was higher than 70% of the 
cor esponding EDDS moles injected (72 µmol). Such a result could be ascribable to the adsorption of 
a smal  amount of EDDS onto the soil and the formation of Cu-EDDS complexes with the remaining 
EDDS [40]. Then, Zn-EDDS complexes started to form only for bv values higher than 4, as a result of 
the dif erent values of the stability constant (Kst) of the two PTEs-EDDS. In fact, the Kst of Cu-EDDS 
is higher than that of Zn-EDDS [41]. For fixed values of treatment time, the EBCT af ected the 
extraction rate of metals since lower EBCT values cor esponded to a higher amount of the injected 
EDDS solution, and resulted in higher metal extraction rates (Figure 3). As the EDDS was total y 
complexed by Cu and Zn, the cations Fe and Mn could not form complexes with the flushing agent, 
and therefore could not be extracted. The pH and the LOI index of the soil were evaluated at the end 
of the tests. The soil pH displayed a value equal to 7.05 ± 0.2, as es ing for the investigated soil 
buf ering capacity in minimizing pH changes [42]. Likewise, the LOI value was observed at the end 
of the test confirming no soil characteristic alteration due to the EDDS involvement. 
3.3. Soil Washing Proces  and Comparison of the Removal Ef iciencies 
The results obtained from the soil washing tests, with constant LSR and dif erent EDDS 
concentrations, showed dif erent removal trends for Cu and Zn (Figure 4). In al  tests, a substantial 
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During test  conducted wit  [ED S] = 0.36 mM solution at differ nt EBCTs, the extraction 
proces  was not influenced by the differ nt values of bv. Results in Figure 2, in fact, show an overlap 
of the xtraction curves.  
This result was due to the oc ur ence of a total ED S complexation with metals, as a 
consequence of the low concentration of ED S in the solution. Hence, the ED S concentration 
represented a limiting factor of the treatment velocity. As the ED S was fully complexed, the metal 
exchange mechanisms acquired a higher importance in the proces . Inde d, in all test  with lower 
ED S concentration (i.e., [ED S] = 0.36 mM), Cu was the only metal with an excellent initial 
extraction rate. Results howed that for bv alues up to 4 the amount of leached Cu was 7  mg·kg−1, 
cor esponding to ap roximately 49 ± 5 µmol (Figure 2). This value was higher than 70% of the 
cor esponding ED S moles injected (72 µmol). Such a result could be ascribable to the adsorption of 
a small amount of ED S onto the soil and the formation of Cu-ED S complexes with the remaini g 
ED S [40]. Then, Zn-ED S complexes tarted to form only for bv alues higher than 4, as a result of 
the differ nt values of the stability constant (Kst) of the two PTEs-ED S. In fact, he Kst of Cu-ED S 
is higher than that of Zn-ED S [41]. For fixed values of treatment ime, the EBCT affected the 
extraction rate of metals ince lower EBCT values cor esponded to a higher amount of the injected 
ED S solution, and resulted in higher metal extraction rates (Figure 3). As the ED S was totally 
complexed by Cu and Zn, the cations Fe and Mn could not form complexes with the flushing agent, 
and ther fore could not be xtracted. The pH and the LOI index of the soil wer  valuated at the nd 
of the test . The soil pH displayed a value qual to 7.05 ± 0.2, as es ing for the investigated soil 
buffering capacity in minimizing pH changes [42]. Likewise, the LOI value was observed at the nd 
of the test confirming no soil characteristic alteration due to the ED S involvement. 
3. . Soil Washing Proces  and Comparison of the Removal Efficiencies 
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Figure 3. Breakthrough curves at different EBCTs with respect to treatment time. [EDDS] = 3.6 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [EDDS] = 0.36 mM: ) EBCT = 33 h; ) EBCT = 
27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
During tests conducted with [EDDS] = 0.36 mM solution at different EBCTs, the extraction 
process was not influenced by the different values of bv. Results in Figure 2, in fact, show an overlap 
of the xtraction curves.  
This result was due to the occurrence of a total EDDS complexation with metals, as a 
con equ nce of the low concentration of EDDS in the solution. Hence, the EDDS concentration 
represented a limiting factor of the treatment velocity. As the EDDS was fully complexed, the metal 
exc ang  mechanisms acquired a higher importance in the process. Indeed, in all tests with lower 
EDDS concentration (i.e., [EDDS] = 0.36 mM), Cu was the only metal with an excellent initial 
xtract on rate. Results showed that for bv values up to 4 the amount of leached Cu was 77 mg·kg−1, 
corresponding to approximately 49 ± 5 µmol (Figure 2). This value was higher than 70% of the 
corresponding EDDS moles injected (72 µmol). Such a result could be ascribable to the adsorption of 
a small amount of EDDS onto the soil and the formation of Cu-EDDS complexes with the remaining 
EDDS [40]. Then, Zn-EDDS complexes started to form only for bv values higher than 4, as a result of 
the different values of the stability constant (Kst) of the two PTEs-EDDS. In fact, the Kst of Cu-EDDS 
is higher than that of Zn-EDDS [41]. For fixed values of treatment time, the EBCT affected the 
extraction rate of metals since lower EBCT values corresponded to a higher amount of the injected 
EDDS solution, and resulted in higher metal extraction rates (Figure 3). As the EDDS was totally 
complexed by Cu and Zn, the cations Fe and Mn could not form complexes with the flushing agent, 
a d ther fore could not be extracted. The pH and the LOI index of the soil were evaluated at the end 
of  t sts. The soil pH displayed a value equal to 7.05 ± 0.2, assessing for the investigated soil 
buff ring capacity in minimizing pH changes [42]. Likewise, the LOI value was observed at the end 
of he t st confirming no soil characteristic alteration due to the EDDS involvement. 
3.3. Soil Washing Process and Comparison of the Removal Efficiencies 
The results obtained from the soil washing tests, with constant LSR and different EDDS 
co centrations, showed different removal trends for Cu and Zn (Figure 4). In all tests, a substantial 
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During tes s conducted with [EDDS] = 0.36 mM solution at different EBCTs, the extraction 
process wa  not i fluenc d by the different values of bv. Result  in Figure 2, in fact, show an verlap 
of the extraction curves.  
This re ult was due to he occurrenc  f a total EDDS complexation with metals, a  
consequ nc  of the low con e tra ion f EDDS in the solution. Henc , the EDDS con e tra ion 
rep sent d a lim t ng factor f the tr atment velocity. As the EDDS was fully complex d, the m tal 
exchange mechanisms acquired a hig er importance in the process. Indee , in all tes s with lower 
EDDS con e tra ion (i.e., [EDDS] = 0.36 mM), Cu was the only metal with an exc ll nt i i al 
extraction rate. R sult  showed tha  for bv values p to 4 he amount of leach d Cu was 77 mg·k −1, 
correspondi g to approximately 49 ± 5 µmol (Figure 2). This value was hig er than 70% of the
correspondi g EDDS moles inject d (72 µmol). Such a result could be ascriba le to he adsorption f
a small amount of EDDS ont  he soil and the formation f Cu-EDDS complex s with e r maining 
EDDS [40]. Then, Z -EDDS complex s star ed to f rm only for bv values hig er t an 4, as result of
the different values of the stability consta  (Kst) of the two PTEs- DDS. In fact, the Kst of Cu-EDDS 
is hig er than tha  of Zn-EDDS [41]. For fixed values of treatment time, the EBCT affect d he
extraction rate of metals since lower EBCT values corresponde  to a hig er amount of he inj ct d 
EDDS solution, a d resulted in h g er metal xtraction rates (Figure 3). As the EDDS was tota ly 
complex d by Cu and Zn, the cations Fe and Mn could not f rm co plex s with e flushing a ent, 
and therefo  could not be extracted. The pH and the LOI index of the soil were valu ted at the end
of the s s. The soil pH displayed a v lue equal to 7.05 ± 0.2, asses ing for the investigated soil
buffering cap city n mi i zing pH changes [42]. Likewise, th  LOI value was ob erv d at the end
of the t s confirm ng o s il characteris ic alter tion due to he EDDS invol em nt. 
3.3. Soil Washing Process and Comparison f the Removal Efficien i s 
The r sult  obtained from the soil washing tes s, with consta  LSR and ifferent EDDS 
con e tra ions, showed different removal trends for Cu and Zn (Figure 4). In all tes s, a ub tan i l 
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3.3. Soil Washing Process and Comparison of the Removal Efficiencies
The results obtained from the soil washing tests, with constant LSR and different EDDS
concentrations, showed different removal trends for Cu and Zn (Figure 4). In all tests, a substantial
increase in the removal efficiency occurred in the first 48 h, followed by a non-significant increase in the
removal efficiency at 96 h. This was also confirmed by statistical analysis since no statistically significant
differences between the removal efficiency at 48 and 96 h were observed (p > 0.05). These results were
in accordance with previous investigations [33,43].
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Results of tests conducted with varying the LS sho ed significant differences in terms of the
removal efficiency, especially for , s also observed from the statistically significant differences
(p . 5). It is worth noting t at higher LSR values, achieved by increasing the liquid phase and
keeping constant the EDDS solution molarity, induc d a consequent increase of EDDS moles in the
solution. Such a trend may e attribut d to the following processes: (i) the presence of certain amount
of free EDDS n n-complexed with metals; and (ii) the occurrence of metal exchange ph omena among
the PTEs-E DS complexes, which promotes the formation of Cu-EDDS or Zn-EDDS complexes [44].
In agreement with Tsang et al. [45], tests conducted with an EDDS concentration deficiency led to
Fe and Mn removal efficiencies lower than 1%. At higher EDDS concentration, Fe and Mn removals
slightly increased, but the overall removed amount of these elements was negligible compared to the
initial total amount in the soil [46].
Comparing the results of the soil flushing and soil washing tests, it could be concluded that a
significantly higher Cu removal efficiency was obtained with the soil flushing treatment considering
the same amount of EDDS solution used. On the contrary, only a slightly higher Cu removal efficiency
was achieved with the soil flushing treatment compared to the soil washing when the same treatment
time was considered (Figure S1).
3.4. Fractionation of PTEs/Main Cations in Different Soil Layers after Leaching
Interesting results were obtained from the sequential extraction procedure by comparing pre- and
post-treatment metal distributions (Figure 5). Cu was initially bound to the organic substance and
metal oxides/hydroxides complexes, while the amount of ions in the cation exchange sites was not
Int. J. Environ. Res. Public Health 2018, 15, 543 8 of 13
relevant. A higher removal efficiency was observed for the Cu fraction bound to the organic substance
and absorbed onto the metal oxides, as shown by the values of Cu extracted in the second and third
steps. As regards Zn, instead, the highest removal efficiency was observed in the exchangeable and
reducible fractions (steps 1 and 2). Small amounts of Cu and Zn were still found in the exchangeable
and weak acid soluble fractions (step 1) after the treatment. This latter result was attributed to the
EDDS amount adsorbed onto the soils after leaching [40,47].
Finally, Fe was extracted almost exclusively from the reducible fraction (step 2), while Mn was
mobilized mainly from the reducible fraction (step 2) and partially deposited on the cation exchange
sites along the soil column. The results showed (Figure 5) that the Cu and Zn concentrations at the
end of treatment were lower than the threshold levels (Table 1) and their removal occurred mainly
from the bioavailable fraction. This treatment displayed interesting outcomes since it allowed the
reduction of the leaching of PTEs. In fact, the main removal occurred from the acid soluble fraction
of the soil, which is generally characterized by fast metals mobilization [48] and represents a serious
contamination risk for the environment [49].
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Figure 5. Values of metals in the four steps of the sequential extraction on the contaminated soil (CS)
and on the four layers of the treated soil before and after SF1 tests.
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3.5. Metals Transportation through the Columns
Figure 6 reported the results of metal profiles at different column layers obtained from SF2.
Data were plotted at different bv values corresponding to different amounts of injected flushing
solution. Metal concentration in the soil was evaluated by mass balance through the measure of their
concentration in the spent solutions sampled at the bottom of each layer.
The various metals exhibited different behaviors due to the occurrence of metal exchange
phenomena or metal-EDDS complex adsorption. These phenomena were more significant for Zn
than Cu.
The Cu concentration initially increased with the depth, therefore the concentration measured
in the deepest layer was higher than that in the top layer. Nonetheless, after the injection of the first
0.25 bv of the flushing solution, the gradient tended to be gradually less pronounced, along with
the reduction of the residual concentration in each layer. The same trend was observed for Zn only
after the injection of the first 0.5 bv of the flushing solution. For this bv value, the distribution of Zn
concentration with the depth was not monotonic at the beginning of the treatment, due to Zn release
from the top layer and its adsorption in the following two layers. Upon increasing the bv values, the
removal of Zn also occurred in the second layer but at a lower extent than in the top layer, and the
released metal amount was adsorbed in the two successive layers. Finally, Zn removal also occurred in
the third layer after 1 bv, and in the last layer after 2 bv injection. At the end, the Zn distribution was
uniform, as was the Cu distribution.
The obtained distribution of Cu with the depth was in contrast with the findings of
Hauser et al. [21]. This result was ascribable to the different operative conditions set for the flushing
tests. In the work of Hauser et al. [21], leaching tests were carried out with a non-continuous flow rate
and non-water saturated soil. In such conditions the reduction from Cu2+ to elemental Cu occurred
and the complex with EDDS did not form [33].
On the other hand, the distribution of Zn with respect to the depth was similar to that obtained
in previous studies [21,50]. This result was attributed to the non-occurrence of Zn2+ reduction to
elemental Zn. In fact, it is reported [50] that Zn can be released as Zn2+ and Zn(OH)+ according to the
following reactions (r1–r2):
r1) Zn2+ + HEDDS3− ↔ ZnEDDS2− + H+
r2) Zn(OH)+ + HEDDS3− ↔ ZnEDDS2− + H2O
and H+ formation can cause ZnO dissolution (r3–r3):
r3) ZnO + 2H+ ↔ Zn2+ + H2O
r4) ZnO + H+ ↔ ZnOH+
Moreover, Zn oxy-hydroxides can be chelated from EDDS as follows (r5):
r5) ZnO + HEDDS3− ↔ ZnEDDS2− + OH−.
As regards Fe and Mn distribution throughout the column depth, it was confirmed that the
removal took place starting from 2 bv. A uniform removal profile was observed along the depth during
the first period of the treatment. After 10 bv a relevant removal of Fe and Mn occurred in the top layer
in addition to the release of the metals from the successive layers. However, the amount of Fe and
Mn removed was negligible compared to their initial concentration in the soil. This confirmed that
pollutants can be removed without damaging the soil if an appropriate technique is selected.
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Figure 6. Cu, Zn, Mn, and Fe transport across soil column layers with respect to different values of bv:
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3.6. R lease of PTEs in the Wa er after the Treatm n
Results from the SF3 tests are reported in Figure 7. As can be seen, there was no release of
Cu, Zn, or Mn in the water once the injection of EDDS was stopped (i.e., after 4 bv of solution
injection), confirming the effectiveness of the treatment. This indicates that the PTEs were likely
bound in forms that exhibit a low potential release in the environment and low bioavailability for the
living organisms [51]. The only exception was represented by the first 0.5 bv of removal (4–4.5 bv),
characterized by the presence of a low metals concentration, due to the retention of a certain amount
of EDDS in the column. This occurrence led to the recommendation of soil flushing with water as a
final step of th remediation treatme t. Conversely, the r lease of Fe persist d l along the treatment
until he s me r moval efficiency was chieved, as observ d in the c ntrol tes .
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Figure 7. Cu, Zn, Fe, and Zn cumulative removal from the soil as a function of bv, during the SF3
tests. Full symbols: 0–4 bv [EDDS] = 3.6 , 4–18 bv [EDDS] = 0 mM—
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Figure 2. Breakthrough curves at different Empty-Bed C tact Times (EBCTs) with respect to bed 
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Figure 3. Breakthrough curves at different EBCTs with respect to treatment time. [EDDS] = 3.6 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [EDDS] = 0.36 mM: ) EBCT = 33 h; ) EBCT = 
27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
During tests conducted with [EDDS] = 0.36 mM solution at different EBCTs, the extraction 
process was not influenced by the different values of bv. Results in Figure 2, in fact, show an overlap 
of the extraction curves.  
This result was due to the occurrence of a total EDDS complexation with metals, as a 
consequence of the low concentration of EDDS in the solution. Hence, the EDDS concentration 
represented a limiting factor of the treatment velocity. As the EDDS was fully complexed, the metal 
exchange mechanisms acquired a higher importance in the process. Indeed, in all tests with lower 
EDDS concentration (i.e., [EDDS] = 0.36 mM), Cu was the only metal with an excellent initial 
extraction rate. Results showed that for bv values up to 4 the amount of leached Cu was 77 mg·kg−1, 
corresponding to approximately 49 ± 5 µmol (Figure 2). This value was higher than 70% of the 
corresponding EDDS moles injected (72 µmol). Such a result could be ascribable to the adsorption of 
a small amount of EDDS onto the soil and the formation of Cu-EDDS complexes with the remaining 
EDDS [40]. Then, Zn-EDDS complexes started to form only for bv values higher than 4, as a result of 
the different values of the stability constant (Kst) of the two PTEs-EDDS. In fact, the Kst of Cu-EDDS 
is higher than that of Zn-EDDS [41]. For fixed values of treatment time, the EBCT affected the 
extraction rate of metals since lower EBCT values corresponded to a higher amount of the injected 
EDDS solution, and resulted in higher metal extraction rates (Figure 3). As the EDDS was totally 
complexed by Cu and Zn, the cations Fe and Mn could not form complexes with the flushing agent, 
and therefore could not be extracted. The pH and the LOI index of the soil were evaluated at the end 
of the tests. The soil pH displayed a value equal to 7.05 ± 0.2, assessing for the investigated soil 
buffering capacity in minimizing pH changes [42]. Likewise, the LOI value was observed at the end 
of the test confirming no soil characteristic alteration due to the EDDS involvement. 
3.3. Soil Washing Process and Comparison of the Removal Efficiencies 
The results obtained from the soil washing tests, with constant LSR and different EDDS 
concentrations, showed different removal trends for Cu and Zn (Figure 4). In all tests, a substantial 
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Figure 3. Breakthrough curves at different EBCTs with respect to treatment time. [EDDS] = 3.6 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [EDDS] = 0.36 mM: ) EBCT = 33 h; ) EBCT = 
27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
During tests conducted with [EDDS] = 0.36 mM solution at different EBCTs, the extraction 
process was not influenced by the different values of bv. Results in Figure 2, in fact, show an overlap 
of the extraction curves.  
This result was due to the occurrence of a total EDDS complexation with metals, as a 
consequence of the low concentrati n of EDDS in the solution. Hence, the EDDS concentration 
represented a limiting factor of the treatment velocity. As the EDDS was fully complexed, the metal 
exchang  mechanisms acquired a higher importance in the process. Indeed, in all tests with lower 
EDDS concentration (i.e., [EDDS] = 0.36 mM), Cu as the only metal with an excellent initial 
extraction rate. Results showed that for bv values up to 4 the amount of leached Cu was 77 mg·kg−1, 
corresponding to appr ximately 49 ± 5 µmol (Figure 2). This value was igher than 70% of the 
corr ponding EDDS moles injected (72 µmol). Such a result could be ascribable to the adsorption of 
a small amount of EDDS onto the soil and the formation of Cu-EDDS complexes with the remaining 
 [40]. Then, Zn-EDDS co plexes started to form only for bv values higher than 4, as a result of 
the different values of the stability constant (Kst) of the two PTE -EDDS. In fact, the Kst of Cu-EDDS 
is higher than that of Zn-EDDS [41]. For fixed values of treatment time, the EBCT affected the 
extraction rat  of metals since lower EBCT values cor esponded to a higher amount of the injected 
EDDS solution, and resulted in higher metal extraction rates (Figure 3). As the EDDS was totally 
complexed by Cu and Zn, the cations Fe and Mn could not form complexes with the flushing agent, 
and therefor  could not be extracted. Th  pH and the LOI index of the soil were evaluated at the end 
of the tests. The soil pH displayed a value equal to 7.05 ± 0.2, a sessing f r the investigated soil 
buffering ca acity i  minimizing pH changes [42]. Likewise, the LOI value was observed at the end 
of the test confirming no soil characteristic alteration due to the EDDS involvement. 
3.3. Soil Washing Process and Compariso  of the Removal Efficiencies 
The results btained from the soil washing tests, with constant LSR and different EDDS 
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Figure 2. Bre kthrough curve at different Empty-Bed Contact Times (EBCTs) with respect to bed 
volume. [EDDS] = 3.6 mM: ) BCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [EDDS] = 0.36 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
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Figure 3. Br akthrough curves at differen  EBCTs with respect to treat ent time. [EDDS] = 3.6 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [EDDS] = 0.36 mM: ) EBCT = 33 h; ) EBCT = 
27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
During tests conducted with [EDDS] = 0.36 mM solution at different EBCTs, the extraction 
proc s was not influe ced by the different values of bv. Results in Figure 2, in fact, show an overlap 
of the extraction curves.  
This r sult was due to the occurren e of a tot l EDDS complexation with metals, as a 
consequ ce of the low concentrati n of EDDS in solution. H ce, the EDDS concentration 
represen ed a limiting factor of the treatment velocity. As the EDDS was fully complexed, the metal 
ex hange mec anisms acquir d a highe  impor anc  in the process. Indeed, in all tests with lower 
EDDS concentration (i.e., [EDDS] = 0.36 mM), Cu as the only metal with an excellent initial 
extraction rate. Results showed that for bv values up to 4 the amount of leached Cu was 77 mg·kg−1, 
corresponding to appr ximately 49 ± 5 µmol (Figure 2). This value was igher than 70% of the 
corr ponding EDDS moles inject d (72 µmol). Su h a result could be ascribable to the adsorption of 
a small m unt of ED S nto h  s il and t  formation of Cu-EDDS complexes with the remaining 
E S [40]. Th n, Zn-EDDS co pl xes started to form nly for bv valu  higher than 4, as a result of 
the different values of the stability c nstant (Kst) of the two PTEs-EDDS. In fact, the Kst of Cu-EDDS 
is higher than that o  Z -EDDS [41]. For fixed values of treatment time, the EBCT affected the 
extraction ate f metals since lower EBCT values corresp nded to a higher amount of the injected 
EDDS solution, and res lted in higher metal extraction rates (Figure 3). As the EDDS was totally 
complexed by Cu and Zn, the cations Fe and M  could not form complexes with the flushing agent, 
and ther fore could not b  extracted. The pH and t  LOI index of the soil were evaluated at the end 
of the tests. The soil pH displayed a valu  equal to 7.05 ± 0.2, assessing for the investigated soil 
buffer ng ca acity i  minimizing pH chang s [42]. Likewise, the LOI valu  was observed at the end 
of the test confi ming no so l charac ristic alteration due to the EDDS involvement. 
3.3. Soil Washing Process and Compariso  of the Removal Efficiencies 
The results obtained from the soil wa hi g tests, with constant LSR and different EDDS 
co centrations, showed iff rent removal trends for Cu nd Zn (Figure 4). In all tests, a substantial 
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Figure 6. Cu, Zn, Mn, and Fe transport acr ss soil column layers with respect to different values of 
bv:  0 bv;  0.25 bv;  0.5 bv;  1 bv;  2 bv;  5 bv;  10 
bv - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
As regards Fe and M  distribution througho t the column depth, it was confirmed that the 
removal t ok pl ce st rting from 2 bv. A uniform removal profile was observed along the depth 
during the first pe iod of the tr tment. After 10 bv a relevant removal of Fe and M  occurred in the 
top layer in addition to the release of the metals from the succe sive layers. However, the amount f 
F  a d M  r mov d was negligible compared to their init al conce tration i  the soil. This c nfirmed 
that pollutants c  be remov d without damaging the soil if an appropriate technique is selected. 
3.6. Release of PTEs in the Wat r after the Treatment 
Results from the SF3 t sts are report d in Figure 7. As can be seen, th re was no elease of Cu, 
Zn, or Mn in the wat r once the injection of EDDS was stopped (i.e., aft r 4 bv of solution injection), 
confirming the effectiveness of the treatment. This ind cates that the PTEs were likely bound in forms 
that exhibit a low p tential r lease in the nviro ment and low ioava lability for the living 
organisms [51]. The only exc ption was repres ted by the first 0.5 bv of removal (4–4.5 bv), 
chara terized by the pres nc  of a low metals concentration, due to the re ntion of a cert in amount 
of EDDS in the column. T is occurrence l d to th  r commendati  of soil lushing w th a er as a 
final step f the re diation treatment. Co versely, the release of F  persi t d all along the treatment 
until the sam re oval effici y was achieved, as observed i  the control t st. 
 
Figure 7. Cu, Zn  Fe, and Zn cumulative removal f om the soil as a function of bv, during the SF3 
tests. Full symbols: 0–4 bv [EDDS] = 3.6 mM, 4–18 bv [ED S] = 0 mM— ) Cu; ) Zn; ) Mn; ) 
Fe. t  s ls: 0–18 bv [E S] = 0 m . ) Cu; ) Zn; ) Mn; ) Fe. 
4. Conclusions 
The present study assessed t  feasibility of performing soil flushing treatment wi EDDS 
solution for remediating natura  soils c ntami ated by Cu and Zn. An almost total removal of the 
bio-available fractions of these m tals w s achieved. Althoug  the main factor that influe ced th  
metals removal efficiency was the EDDS concentration i  the extracting solution, this study proved 
that the effectiveness of the soil flushing was also dependent on several other factors, including 
contami ated soil depth as well as the diff rent PTEs-EDDS complexes affinity. Moreove , tests 
under EDDS-deficiency conditi s have further demonstrated that the Cu and Zn removal efficiency 
0
20
40
60
80
100
120
140
160
0 3 6 9 1 15 18
C
u
m
u
la
ti
ve
 r
em
o
va
l [
m
g·
kg
-1
]
Bed Volume
Cu;
Int. J. Environ. Res. Public Health 2018, 15, x  6 of 13 
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Figure 3. Breakthrough curves at differ nt EBCTs with r sp ct to treatment tim . [EDDS] = 3.6 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [EDDS] = 0.36 mM: ) EBCT = 33 h; ) EBCT =
27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
During tests conducted with [EDDS] = 0.36 mM solution at ifferent EBCTs, the extractio  
process was not influenc d by the different values of bv. Results i  Figur 2, in fact, how an ove lap
of the extraction curves.  
This result was due to the occurrenc  of a to al EDDS complexation with metals, as  
consequenc  of the low conce tration of EDDS in the solution. Henc , the EDDS c ce trat on 
rep sent d a limiting facto  f th  tr at ent v locity. As the EDDS was full  compl xed, he metal 
exchange mechanism  acquired a hig er importance in the process. Indee , in all tests with lower 
EDDS conce tration (i.e., [EDDS] = 0.36 mM), Cu was the only m tal with an exc llent initial 
extraction rate. Results showed that for bv values up to 4 th  amo nt of leached Cu w s 77 mg·k −1, 
correspondi g to approximately 49 ± 5 µmol (Figure 2). This value was hig er than 70% of the 
correspondi g EDDS moles inject  (72 µmol). Such a r sult could be ascribable to the ads rption f 
a small mount of EDDS ont  the s il and the for ion f Cu-ED S complexes w th the remaining 
EDDS [40]. Then, Zn-EDDS complexes started to form only for bv values hig er than 4, as a result of 
the different values of the stability constant (Ks ) of h  two PTEs- DDS. In fact, the Kst of Cu-EDDS 
is hig er than that of Zn-EDDS [41]. For fixed values of treatment time, th  EBCT affect d th  
extraction rate of metals since l wer EBCT value  corresponded to  hig er amount of the inj ct d 
EDDS solution, and resulted in hig er metal xtracti rates (Figure 3). As the EDDS w s totally 
complexed by Cu and Zn, the cations Fe and Mn could not f rm complexes wi h the flushing a ent,
and therefore could not be extracted. The pH and the LOI index of the soil w re valu ted at the end 
of the tests. The soil pH displayed a v lue equal to 7.05 ± 0.2, asse ing f r the in estigat d soil 
buffering capacity in minimizing pH changes [42]. L kewise, the LOI value was ob rv d at the end 
of the test confirming o s il chara teristic alteration due to he EDDS invol em nt. 
3.3. Soil Washing Process and C mpariso  f the R moval Efficiencies 
The r sults obtained from the soil washing tests, wi h constant LSR and differe t EDDS 
conce trations, showed different removal tren s for Cu and Zn (Figure 4). In all tests, a substantial 
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volume. [ED S] = 3.6 mM: ) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [EDDS] = 0.36 mM: 
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Figur  3. Breakthrough curves at different EBCTs wi h r pect to a ment time. [EDDS] = 3.6 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [ DDS] = 0.36 mM: ) EBCT = 33 h; ) EBCT = 
27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
During tests conducted with [EDDS] = 0.36 mM solution at different EBCTs, he extrac ion 
process was not influenc d by the different values of v. R sult  in Figure 2, in fact, show a  overlap 
of the extrac ion curves.  
This result was due to t e occ rrenc  of a al EDDS complex tion with metals, as  
c nsequ nc  of the low ration of EDDS in th  solution. Henc , he EDDS con e tration 
rep sented a limi ing factor of the r tment velo ity. As the EDDS was fully complexed, the m tal 
exchange mec anisms acquired a hig er import nc  in the proce s. Indee , in all t sts with low r 
EDDS con e tration (i.e., [EDDS] = 0.36 mM), Cu as the o ly e al with n exc llent i i al 
extrac ion rate. R sult  showed that for bv value  up to 4 t e amount of l ached Cu was 77 mg·kg−1, 
correspondi g to approximately 49 ± 5 µmo  (Figure 2). This value was higher than 70% of the 
correspondi g EDDS moles injected (72 µmol). Such a resul  could be ascribable to the adsorption of 
a small amount of EDDS ont  the soil a d the formati n f Cu-EDDS complexes with the remaining 
S [40]. Then, Z -EDDS c mplexes started o form nly for bv values hig er than 4, as a res lt of 
the different values of the stability const nt (Kst) of the wo PTE - DDS. In fact, the Kst of Cu-EDDS 
is hig er than that of Zn-EDDS [41]. For fixed values of treatment time, the EBCT affected the 
extrac io  rat  of metals since lower EBCT values corresponded to a h g er amount of the injected 
EDDS solution, a d resulted in hig er metal extrac ion rates (Figure 3). As he EDDS was totally 
complexed by Cu and Z , the catio s Fe and Mn could not f rm complexes with the lushing ag nt, 
and therefore could not be extrac ed. The pH and the LOI in ex of the soil were valuated at the end 
of the tests. The soi  pH display d a v lue equal to 7.05 ± 0.2, sessing f r the investiga ed soil 
buffering capacity in minimizing pH changes [42]. Likewi e, the LOI valu  was observ d at the end 
of the est confirm ng o soil characteristic alterat on du  to the EDDS invol ement. 
3.3. Soil Washing Process and Compar son of the Removal Efficien s 
The result  btained from the soil washi g tests, with constant LSR and different EDDS 
con e trations, showed differ  removal tre ds for Cu and Zn (Figure 4). In all tests, a sub tanti l 
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Figure 2. Breakthrough curves a  differ nt E pty-Bed Contact Times (EBCTs) with r spect to bed 
volume. [EDDS] = 3.6 mM: ) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [EDDS] = 0. 6 m : 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
 
(a) (b) 
  
(c) (d) 
Figure 3. Breakthrough curves at different EBCTs with respect to treatment time. [EDDS]  .6 mM: 
) EBCT = 33 h; ) EBCT = 27 h; ) EBCT = 21 h; [EDDS] = 0.36 mM: ) EBCT = 33 h; ) EBCT = 
27 h; ) EBCT = 21 h - (a) Cu; (b) Zn; (c) Mn; (d) Fe. 
During tests conducted with [EDDS] = 0.36 mM soluti n at differ nt EBCT , th  xtraction 
process was not influenced by the different values of bv. Results in Figure 2, in fact, sh w an overlap 
of the extraction curves.  
This result was due to the occurrence of a total EDDS complexation with metals, as a 
consequence of the low concentration of EDDS in the solution. Hence, the EDDS co ce trati n
represented a limiting factor of the treatment velo ity. As th  EDDS was fully complex d, the metal 
exchange mechanisms acquired a higher importance in the process. Indeed, i  all tests with lower 
EDDS concentration (i.e., [EDDS] = 0.36 mM), Cu was the only met l ith an excel ent initi l
extraction rate. Results showed that for bv values up to 4 the amount f l ach  Cu was 77 mg·kg−1, 
corresponding to approximately 49 ± 5 µmol (Figure 2). This value wa  higher than 70% of the 
corresponding EDDS moles injected (72 µmol). Such  result could be ascribable to the adsorpti n of 
a small amount of EDDS onto the soil and the formation of Cu-EDDS complexes with the emaining 
EDDS [40]. Then, Zn-EDDS complexes started to form only for bv valu s igh r han 4, s a re ult of 
the different values of the stability constant (Kst) of the two PTEs-EDDS. In fact, the Kst of Cu-ED S 
is higher than that of Zn-EDDS [41]. For fixed values of treatment ime, the EBCT affected the 
extraction rate of metals since lower EBCT values corresponded to a high r am u t of th  injected 
EDDS solution, and resulted in higher metal extraction rates (Figure 3). As the EDDS w s to ally 
complexed by Cu and Zn, the cations Fe and Mn could not form complex s with the flushing gent, 
and therefore could not be extracted. The pH and the LOI index of the soil w re valuated at the en  
of the tests. The soil pH displayed a value equal to 7.05 ± 0.2, assessi g fo  the investi ated so l 
buffering capacity in minimizing pH changes [42]. Likewise, the LOI value was bserved at the end 
of the test confirming no soil characteristic alteration due to the EDDS involvement. 
3.3. Soil Washing Process and Comparison of the Removal Efficiencies 
The results obtained from the soil washing tests, with consta t LSR and differ nt EDDS 
concentrations, showed different removal trends for Cu and Zn (Figure 4). In all tests, a substantial 
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4. Conclusions
The present study assessed the feasibility of performing soil flushing treatment with EDDS
solution for remediating natural soils contaminated by Cu and Zn. An almost total removal of the
bio-available fractions of these metals was achieved. Although the main factor that influenced the
metals removal efficiency was the EDDS concentration in the extracting solution, this study proved
that the effectiveness of the soil flushing was also dependent on several other factors, including
contaminated soil depth as well as the different PTEs-EDDS complexes affinity. Moreover, tests under
EDDS-deficiency conditions have further demonstrated that the Cu and Zn removal efficiency was
lower due to their re-adsorption onto the soil and/or because of the occurrence of metal exchange
processes. In order to take into account all of these aspects, it is essential to carry out bench-scale tests
before performing a full-scale soil remediation treatment. Finally, the study proved that soil flushing,
besides having a lower environmental impact and lower operative costs compared to soil washing (e.g.,
no soil excavation is required), is capable of achieving the same high removal efficiency, producing a
smaller volume of contaminated spent solution and consuming a minor amount of chemical agents.
Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/3/543/s1,
Figure S1: Cu and Zn removal by soil flushing treatment at different times.
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increase in the removal efficiency occurred in the first 48 h, followed by a non-significant increase in 
the removal efficiency at 96 h. This was also confirmed by statistical analysis since no statistically 
significant differences between the removal efficiency at 48 and 96 h were observed (p > 0.05). These 
results were in accordance with previous investigations [33,43]. 
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Figure 4. Cu and Zn removal by soil washing treatment at dif erent ti . ) 48 h; ) 96 h- (a) Cu; 
(b) Zn. 
Results of tests conducted with varying the LSR showed significant differences in terms of the 
removal efficiency, especially for Zn, as also observed from the statistically significant differences (p 
< 0.05). It is worth noting that higher LSR values, achieved by increasing the liquid phase and keeping 
constant the EDDS solution molarity, induced a consequent increase of EDDS moles in the solution. 
Such a trend may be attributed to the following processes: (i) the presence of a certain amount of free 
EDDS non-complexed with metals; and (ii) the occurrence of metal exchange phenomena among the 
PTEs-EDDS complexes, which promotes the formation of Cu-EDDS or Zn-EDDS complexes [44].  
In agreement with Tsang et al. [45], tests conducted with an EDDS concentration deficiency led 
to Fe and Mn removal efficiencies lower than 1%. At higher EDDS concentration, Fe and Mn removals 
slightly increased, but the overall removed amount of these elements was negligible compared to the 
initial total amount in the soil [46]. 
Comparing the results of the soil flushing and soil washing tests, it could be concluded that a 
significantly higher Cu removal efficiency was obtained with the soil flushing treatment considering 
the same amount of EDDS solution used. On the contrary, only a slightly higher Cu removal 
efficiency was achieved with the soil flushing treatment compared to the soil washing when the same 
treatment time was considered (Figure S1).  
3.4. Fractionation of PTEs/Main Cations in Different Soil Layers after Leaching 
Interesting results were obtained from the sequential extraction procedure by comparing pre- 
and post-treatment metal distributions (Figure 5). Cu was initially bound to the organic substance 
and metal oxides/hydroxides complexes, while the amount of ions in the cation exchange sites was 
not relevant. A higher removal efficiency was observed for the Cu fraction bound to the organic 
substance and absorbed onto the metal oxides, as shown by the values of Cu extracted in the second 
and third steps. As regards Zn, instead, the highest removal efficiency was observed in the 
exchangeable and reducible fractions (steps 1 and 2). Small amounts of Cu and Zn were still found in 
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Figure 4. Cu and Zn removal by soil washing treatment at differ nt imes. ) 48 ; ) 96 h- (a) Cu; 
(b) Zn. 
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In agre ment with Tsang et al. [45], tests conducted with an ED S concentration deficiency led 
to Fe and Mn removal efficiencies lower than 1%. At higher ED S concentration, Fe and Mn removals 
slightly increased, but he overall removed amount of these elements was negligible compared to the 
initial total amount in the soil [46]. 
Comparing the results of the soil flushing and soil washing tests, it could be concluded that a 
significantly higher Cu removal efficiency was obtained with the soil flushing treatment considering 
the same amount of ED S solution used. On the contrary, only a slightly higher Cu removal 
efficiency was achieved with the soil flushing treatment compared to the soil washing when the same 
treatment ime was considered (Figure S1). 
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